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ABSTRACT

The COVID-19 pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
still spreading globally. The scientific community is attempting to procure an effective treatment and
prevention strategy for COVID-19. A rising number of vaccines for COVID-19 are being developed at an
unprecedented speed. Development platforms include traditional inactivated or live attenuated virus
vaccines, DNA or RNA vaccines, recombinant viral vector vaccines, and protein or peptide subunit
vaccines. There are 23 vaccines in the clinical evaluation stage and at least 140 candidate vaccines in
preclinical evaluation. In this review, we describe research regarding basic knowledge on the virus,
updates on the animal models, current landscape of vaccines in clinical evaluation and updated research
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results on vaccine development. Safe and effective COVID-19 vaccines require further investigation.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which causes COVID-19, was first reported in December 2019,
and confirmed cases are approaching 20 million globally as
of August 2020. Coronaviruses are positive-strand RNA viruses
with average genomes ranging from 27 to 31 kb in size”
Coronaviruses belong to the Coronaviridae family, which are
divided into four genera, the alphacoronavirus (alpha-CoV), beta-
coronavirus (beta-CoV), gammacoronavirus (gamma-CoV), and
deltacoronavirus (delta-CoV).> Only the alphacoronavirus and
betacoronavirus were reported to infect human beings. Seven
coronaviruses have been reported to infect humans so far, includ-
ing human coronavirus 229E (HCoV-229E), coronavirus (SARS-
CoV), human coronavirus NL63 (HCoV-NL63), human corona-
virus HKU1 (HCoV-HKU1), middle east respiratory syndrome
coronavirus (MERS-CoV) and SARS-CoV-2.> HCoV-229E and
HCoV-0OC43 were isolated in the mid-1960s, whereas SARS-CoV,
HCoV-NL63, HCoV-HKU1, and MERS-CoV were reported in
2002, 2004, 2005, and 2012, respectively.4 SARS-CoV-2, with close
relations to SARS-CoV by evolutionary analysis, was first reported
in Wuhan, China in December, 2019 and instigated severe pneu-
monia of unknown causes.” Bats and rodents were natural sources
of the virus, which was determined by comparing genome
sequences.’ The intermediate hosts that connected the origin of
the virus and humans were different. Four of the coronaviruses,
the HCoV-229E, HCoV-0OC43, HCoV-NL63, and HCoV-HKUI,
can lead to mild infections like the common cold or asymptomatic
infections.” SARS-CoV, MERS-CoV, and SARS-CoV-2 can cause
mild, severe, or fatal infections.

SARS-CoV, that causes severe acute respiratory syndrome,
was the first reported coronavirus that led to a worldwide

pandemic, which infected more than 8,098 people in 29 counties
from November 2002 to August 2003 with a 10% mortality rate.”
MERS-CoV, responsible for a devastating pandemic first
reported in Saudi Arabia in 2012, caused 2,494 laboratory con-
firmed cases of MERS, resulting in 858 associated deaths in 27
countries (34.4% mortality rate) by December 2019.* SARS-CoV
-2 is the third coronavirus that can cause severe acute respiratory
syndrome (COVID-19). The COVID-19 pneumonia has
expanded to almost all the countries and regions all over the
world in less than half a year. According to the WHO, SARS-
CoV-2 has infected almost 20 million people and killed well over
a half-million people as of August 2020.> COVID-19 is an
immense threat to global public health. Vaccines are the most
economic and effective method to control and prevent infectious
diseases. Hence, successful vaccines are in urgent need to combat
COVID-109. In this article, research on the genome and protein
of SARS-CoV-2, the host receptor and structural analysis of the
spike protein, the animal models for COVID-19, the platforms,
and progress of the vaccines are reviewed.

Genome and phylogenetic evolution of SARS-CoV-2

After unexplained pneumonia cases were reported in Wuhan,
researchers attempted to determine the exact causative patho-
gen. With the help of next-generation meta-transcriptomic
sequencing, the complete viral genome of the causative patho-
gen was obtained on January 5, 2020 and released on the open
access virological website (http://virological.org/) in early
January 11, 2020.° Multiple-sequence alignments of the gen-
ome sequences indicated approximately 79% similarity to
SARS-CoV. Phylogenetic analyses were performed to
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determine the evolution of the new virus and it was clear that
SARS-CoV-2 was a member of the genus, Betacoronavirus,
which falls into a subgenus that includes SARS-CoV.? Later,
it was reported that BatCoV RaTG13, which was previously
detected in Rhinolophus affinis from Yunnan Province, showed
high sequence identity to SARS-CoV-2 (2019-nCoV) at the
nucleic acid level.'° However, SARS-CoV-2 and RaTG13 dif-
fered significantly in a number of key genomic features, but the
sequence identity may indicate the possibility that SARS-CoV
-2 originated from bats. Intermediate hosts could possibly link
the ecologically separated bats to humans, as the intermediate
hosts for SARS was civets'' and camels for MERS."? The most
likely intermediate host for SARS-CoV-2 was Malayan pango-
lins, illegally imported into southern China since there is high
similarity in amino acid sequence and similar key mutations in
the critical RBD domain.® One study then showed the isolation
of a coronavirus from a Malayan pangolin with high amino
acid identity with SARS-CoV-2 and confirmed the intermedi-
ate host of the virus, indicating the importance of controlling
wildlife trades'”.

Structural proteins and host receptor of the
SARS-CoV-2

The SARS-CoV-2 genome (~30 kb) was composed of
a 5'untranslated region (UTR), replicase complex (orflab),
S gene, E gene, M gene, N gene, 3'UTR, and several unidenti-
fied nonstructural open reading frames.'* The S gene, E gene,
M gene, and N gene encodes four structural proteins of SARS-
CoV-2 similar to other coronaviruses, which consists of the
surface glycoprotein (S protein), envelope protein (E protein),
membrane protein (M protein) and nucleocapsid protein (N
protein)."”” The genome also encodes 16 non-structural pro-
teins (nspl-nsp16) and several accessory proteins. The identity
of the four structural proteins was compared with the corre-
sponding proteins of SARS and MERS and phylogenetic ana-
lysis was conducted using the sequences of four structural
proteins (Figure 1).'® The identity between SARS-CoV-2 and
SARS proteins was high, which was 76% for S protein, 90.6%
for N protein, 90.1% for M protein, and 94.7% for E protein,
respectively, whereas the identity between SARS-CoV-2 and
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Figure 1. Comparison of the similarity of structural proteins of SARS-CoV-2 with
the corresponding proteins of SARS-CoV and MERS-CoV.'® (a) Percentage genetic
similarity of the individual structural proteins of SARS-CoV-2 with those of SARS-
CoV and MERSCoV. (b) Circular phylogram of the phylogenetic trees of the four
structural proteins. All trees were constructed based on the available unique
sequences using PASTA and rooted with the out group Zaria Bat CoV strain
(accession ID: HQ166910.1). Reprint from reference.'®
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MERS proteins was very low. The close relationship between
SARS-CoV and SARS-CoV-2 could also be observed by the
phylogenetic trees.

S protein, as a transmembrane glycoprotein, mediates the
entry of the coronavirus into the host cells through interaction
with the cell receptor. The cell receptor was angiotensin-
converting enzyme II (ACE2) for SARS, and dipeptidyl pepti-
dase 4 (DPP4) for MERS."” The cellular entry receptor of
SARS-CoV-2 was preliminarily tested using the HeLa cells
expressing or not expressing ACE2 proteins, and it was indi-
cated that ACE2 was the likely receptor of SARS-CoV-2, not
DPP4 or aminopeptidase.” Following, a detailed analysis by
flow cytometry and competitive inhibition experiment using
soluble hACE2 confirmed that ACE2 was the cell receptor of
SARS-CoV-2."* A comparable affinity of SARS-CoV and
SARS-CoV-2 to the human ACE2 was observed.'” The deter-
mination of the cell receptor of SARS-CoV-2 would benefit
studies on the treatment and prevention of COVID-19.

Structure of the S protein, RBD and ACE2

S protein is composed of two functional subunits responsible
for binding to the host cell receptor (S1 subunit) through the
receptor-binding domain (RBD), and fusion of the viral and
cellular membranes (S2 subunit) (Figure 2a).%° The Cryo-EM
structure of the SARS-CoV-2 S protein in the prefusion con-
formation was determined (Figure 2b).?° The trimer S protein
rotated to let one of the three RBD domains up to make the
receptor accessible. An amino acid mutation was reported in
the 614 position of S protein converting the Aspartate to
a Glycine residue (D614 G),%"?? which is located on the SD2
region of the RBD-containing S1 subunit. Zhang et al. reported
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Figure 2. Structure of 2019-nCoV S in the prefusion conformation.?° (a) Schematic
of 2019-nCoV S primary structure colored by domain. Domains that were
excluded from the ectodomain expression construct or could not be visualized
in the final map are colored white. SS, signal sequence; S2’, S2' protease cleavage
site; FP, fusion peptide; HR1, heptad repeat 1; CH, central helix; CD, connector
domain; HR2, heptad repeat 2; TM, transmembrane domain; CT, cytoplasmic tail.
Arrows denote protease cleavage sites. (b) Side and top views of the prefusion
structure of the 2019-nCoV S protein with a single RBD in the up conformation.
The two RBD down protomers are shown as cryo-EM density in either white or
gray and the RBD up protomer is shown in ribbons colored corresponding to the
schematic in (a). Reprint from reference.?
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Figure 3. Overall structure of the RBD-ACE2-B°AT1 complex.?! (a) Cryo-EM map of
the RBD-ACE2-B°AT1 complex. The overall reconstruction of the ternary complex
at 2.9 A is shown on the left. The inset shows the focused refined map of RBD.
Protomer A of ACE2 (cyan), protomer B of ACE2 (blue), protomer A of BOAT1 (pink)
and protomer B of BOAT1 (gray) are shown. The red and gold color represent RBD
protomers. (b) Overall structure of the RBD-ACE2-BOAT1 complex. The complex is
colored by subunits, with the PD and CLD in one ACE2 protomer colored cyan and
blue, respectively. The glycosylation moieties are shown as sticks. Reprint from
reference.”’

that the mutated S protein could be more stable and increase
the infectivity of the virus with no effect on the binding capa-
city of the ACE2 receptor.”” The structure of the full length
human ACE2 protein with or without the RBD domain of the
S protein of SARS-CoV-2 made the molecular basis for coro-
navirus recognition and infection clear (Figure 3).>* The over-
all structure of the RBD-ACE2-B°AT1 complex showed that
only the closed state of ACE2 was observed in this complex,
whereas the open and closed conformation was found in the
ACE2-BOAT1 complex. Hence, S protein is always a main
target for the vaccine development for its essential role in
viral infection. The RBD of the S1 protein is a promising target
for vaccine development and it was proven that the RBD
protein of the S1 subunit was firmly bound to ACE2 receptors
in humans and bats.? Compared to SARS-CoV RBD, SARS-
CoV-2 RBD has a much higher binding affinity to the ACE2
receptor.'®** The S2 subunit shares 99% identity with that of
the bat SARS-CoV and a vaccine based on this subunit has the
potential of a broad-spectrum antiviral effect. The E and
M proteins have important functions in coronavirus assembly
and the N protein is critical for viral RNA synthesis. Other than
structural proteins, non-structural proteins also have the
potential to be an antigen for SARS-CoV-2 vaccine develop-
ment, as was reviewed by Zhang et al.*®

Animal models for SARS-CoV-2

An effective animal model is critical for the vaccine develop-
ment and many vaccine developments are slowed down by lack
of proper animal models, as was for SARS and MERS. Yuan
et al. summarized the progress in developing animal models,
focusing mainly on SARS and MERS.”” We will summarize the
recent progress on SARS-CoV-2 animal models. Transgenic
mice were constructed expressing human ACE2 where the
pathogenicity of SARS-CoV-2 was studied and observed.*®
This hACE2 transgenic model may be used to conduct initial
animal evaluations of candidate vaccines. Three non-human
primates were also utilized to evaluate the infections caused by
SARS-CoV-2.*° Effective NHP models were established, the
most susceptible was Macaca mulatta followed by Macaca
fascicularis and Callithrix jacchus.”® Cynomolgus macaques

were used to compare the pathogenesis of SARS, MERS, and
SARS-CoV-2, and COVID-19-like symptoms were observed
after SARS-CoV-2 inoculation, which suggested that an effec-
tive animal model was achieved.’® The susceptibility of ferrets
and domesticated animals to SARS-CoV-2 was studied. Ferrets
and cats were found to be susceptible to the virus, whereas
dogs, pigs, chickens, and ducks were not.>! A ferret model of
SARS-CoV-2 was also reported to have infectious symptoms
without fatality.”> Rhesus macaques infection model was used
to mimic the age-related infections of the virus and respiratory
disease in these models was analyzed.”® A golden Syrian ham-
ster model was reported to resemble mild infections in
humans.”* Chandrashekar et al. developed a SARS-CoV-2
infection rhesus macaques model to test the protective immu-
nity to viral re-infection.”® Prevention against the relapse of
SARS-CoV-2 was observed, which indicated the possible utility
of this animal model to test the effect of the vaccines. The
establishment of effective animal models will benefit the devel-
opment of effective vaccines and therapies against SARS-CoV
-2, but severe disease models with respiratory failure or mor-
tality is still needed to better mimic the infection in humans.

Platforms and progress on SARS-CoV-2 vaccine
development

Currently, there are no specific medicines for COVID-19, yet
the infection is still spreading worldwide. Therefore, vaccine
development is urgently required for disease prevention and
control. Experts have called for efforts made to develop effec-
tive vaccines for SARS-CoV-2.>°*" Several types of SARS-CoV
-2 vaccines are under development at an unprecedented speed,
including live attenuated vaccine, inactivated vaccine, subunit
vaccine, recombinant vector vaccine, DNA vaccine, and pep-
tide vaccine.*” The progress of COVID-19 vaccine develop-
ment has noticeably accelerated. In the short period of time
since the outbreak of the disease, studies on the viral genomes,
protein structures, candidate vaccines, and clinical and pre-
clinical trials have been reported and conducted (Figure 4).
Overall, at least 23 vaccines are in clinical evaluation and more
than 140 candidates in pre-clinical stage (July 14, 2020). More
importantly, at least four vaccine candidates have entered
phase 3 evaluation.*!
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Figure 4. Timeline of the study progress related to the candidate vaccines against
SARS-CoV-2.



Inactivated and attenuated vaccines

Inactivated vaccine is a whole virus vaccine, which is prepared
by in vitro culture of a large number of live viruses and then
treated with an inactivated agent.** Inactivated vaccines can be
prepared in a relative short development cycle, but have high
safety requirements due to the safety problems of leakage and
incomplete inactivation. Live attenuated vaccines can be
obtained by serial passage or targeted genetic engineering,
but due to the high reverse-mutation rate of RNA, they may
also produce more virulent strains or viruses that are suscep-
tible to other hosts, which can be potentially dangerous.*’
Despite these safety concerns, live-attenuated or inactive
whole virus vaccines represent a classic strategy for viral vacci-
nations and several successful vaccines have been widely used
in humans, such as Polio vaccine and hepatitis vaccine. Phase
I clinical results of the inactivated SARS-CoV vaccine showed
that the candidate vaccine was safe and immunogenic,*
whereas this form of the MERS vaccine was still in the pre-
clinical development stage.

At least 13 inactivated SARS-CoV-2 virus vaccines have
been under development with 5 under clinical evaluation and
8 in the pre-clinical stages.*' The five inactivated virus vaccines
in were developed in clinical trials, including a vaccine
(ChiCTR2000031809) sponsored by Wuhan Institute of Bio
logical Products/Sinopharm, a vaccine (ChiCTR2000032459)
sponsored by Beijing Institute of Biological Products/Sino
pharm, a vaccine by Sinovac (NCT04383574, NCT04352608,
NCT04456595), a vaccine by Institute of Medical Biology/
Chinese Academy of Medical Sciences (NCT04412538), and
a whole-virion inactivated vaccine by Bharat Biotech (CTRI/
2020/07/026300). The phase I/II clinical trial of vaccine
(ChiCTR2000031809), an inactivated Novel Coronavirus
Pneumonia (COVID-19) vaccine (Vero cells), was registered
on April 11, 2020 to evaluate its safety and immunogenicity in
healthy population aged 6 years and above.** The clinical trial
of vaccine (NCT04352608) started on April 16, 2020 was
a randomized, double-blinded, placebo-controlled Phase I/II
Clinical Trial designed to evaluate the safety and immunogeni-
city of the vaccine in healthy adults aged 18 ~ 59 years.*” This
vaccine, manufactured by Sinovac, has entered a phase 3 clin-
ical trial (NCT04456595) in order to evaluate the efficacy and
safety of the vaccine where two age groups consisting of adults
(18-59 years) and elderly participants (60 years and above) are
compared.*® The phase I/II clinical trial evaluation of the safety
and immunogenicity of the vaccine (Vero cells, ChiCTR
2000032459, registered on April 29) was designed to be tested
in healthy populations aged 3 years old and above.*” The phase
Ia/Ila trial of the vaccine (NCT04412538) was designed to
evaluate the safety and immunogenicity of the vaccine in
healthy people aged 18 ~ 59 years.*® The whole-virion inacti-
vated SARS-CoV-2 Vaccine (BBV152) was registered to con-
duct a phase 1 and phase 2 randomized, double-blind,
multicenter study to evaluate its safety and immunogenicity.*’

A pilot-scale production of an inactivated SARS-CoV-2
virus vaccine candidate (PiCoVacc, Sinovac) was first reported
to have complete protection against SARS-CoV-2 virus in non-
human primates.”® Vero cells were used to culture the virus
and the genetic stability of the selected strain was tested. The
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strain with special genetic stability was selected. The proteins S,
N and M could be detected in purified PiCoVacc. PiCoVacc
induced SARS-CoV-2-specific neutralizing antibodies in mice,
rats, and non-human primates, which neutralized 10 represen-
tative SARS-CoV-2 strains. Complete protection could be
achieved by immunization with a 6 ug dose and the safety of
the vaccine was also confirmed by systematic analysis of clin-
ical signs in macaques. Animal experiments supported further
clinical development of PiCoVacc for human application.
Currently, clinical research has begun for the PiCoVacc
vaccine.

The inactivated SARS-CoV-2 vaccine candidate (BBIBP-
CorV) in pilot-scale production was also reported. High levels
of neutralizing antibodies were induced by the vaccine BBIBP-
CorV in several animal models such as mice, rats, guinea pigs,
rabbits, and nonhuman primates (cynomolgus monkeys and
rhesus macaques). Two-dose immunizations using 2 mg/dose
of BBIBP-CorV could induce efficient protection against
SARS-CoV-2 intratracheal challenge in rhesus macaques and
no antibody-dependent enhancement immune response was
detected. The safety, immunogenicity, and stability of the
BBIBP-CorV vaccine in animal models supported further clin-
ical evaluation of this vaccine candidate.”

Three live attenuated virus vaccines have been reported in
the pre-clinical evaluation stage. Two were designed by the
genetic codon deoptimized to attenuate the virus, sponsored
by Codagenix/Serum Institute of India and Indian
Immunologicals Ltd/Griffith University. One was designed
using the measles virus with the target S and N by the
German Center for Infection Research. Engineered E protein
deleted live-attenuated vaccines for MERS were evaluated to be
safe in vitro,”” which may indicate a promising future for this
type vaccine.

Recombinant vector vaccine

Recombinant vector vaccine is a designed to produce corona-
virus proteins in the body by using genetically engineered
viruses that cannot cause diseases, which includes the replicat-
ing viral vector vaccine and non-replicating viral vector
vaccine.”’ At least 41 recombinant vector vaccines for
COVID-19 have been in urgent development including 23
non-replicating and 18 replicating viral vector vaccines.
Three of the 23 non-replicating viral vector vaccines were in
the clinical evaluation stage.

Adenovirus, a non-enveloped DNA virus, is one of the most
promising vaccine delivery vectors for its lower production
cost and induction of long-term protective immunity.>’
A COVID-19 vaccine candidate based on the adenoviral type
5 vectors entered the phase I clinical trial (ChiCTR2000030906
or NCT04313127) on March 16, 2020 in Wuhan to evaluate the
dose-escalation safety and tolerance in healthy adults aged
between 18 and 60 years.”* All volunteers completed the first
vaccination. The vaccine proceeded to a phase II clinical trial
(ChiCTR2000031781)>> on April 12 in order to conduct
a randomized, double-blinded, placebo-controlled clinical eva-
luation with an estimated 125 participants in the low-dose
group, 250 participants in the medium-dose group, and 125
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participants in placebo group (healthy adults above 18 years).
This vaccine was the first COVID-19 vaccine candidate that
entered a phase II clinical trial. The preliminary results of the
phase I experiment have already been published.”® One hun-
dred and eight participants were successfully enrolled (51%
male, 49% female; mean age 36.3 years) and were divided
into low dose, medium dose, and high dose groups to receive
the Ad5 vectored COVID-19 vaccine shots. The vaccines were
tolerated in participants with transient and self-limiting severe
adverse reactions and common adverse reactions consisted of
fever, fatigue, headache, and muscle pain. Successful humoral
and T-cell immune response indicated the immunogenicity of
the vaccine, but the preexisting anti-Ad5 immunity would
reduce the antibody and T-cell immune response of the vacci-
nation. The current results at 28 days post-vaccination demon-
strated the safety, tolerability, and immunogenicity of the
vaccine, but further research was needed to confirm whether
the Ad5 vectored COVID-19 vaccine was effective in prevent-
ing SARS-CoV-2 infection. The phase 1 clinical trial of the
Adeno-based vaccine “Gam-COVID-Vac” by Gamaleya
Research Institute was also registered to assess its safety, toler-
ability, and immunogenicity in healthy volunteers.””>®

Another recombinant vector vaccine in clinical evaluation is
the one from University of Oxford / Astra-Zeneca expressing
the surface spike protein of SARS-CoV-2 virus using the chim-
panzee adenovirus vector ChAdOxl. A phase I/II single-
blinded, randomized, multi-center study was registered
March 27, 2020 to determine efficacy, safety, and immunogeni-
city of the candidate vaccine ChAdOx1 nCoV-19 (COV001,
NCT04324606) in UK and conducted in healthy adult volun-
teers aged 18-55 years.”” The vaccine will be administered
intramuscularly (IM). There will be four study groups and it
is anticipated that a total of 1112 volunteers will be enrolled. A
Phase 3 trial is underway. The animal experiments results of
ChAdOx1 nCoV-19 were preprinted on the bioRxiv.*’
ChAdOx1-40 vectored vaccine was designed to encode
a codon optimized full-length spike protein of SARS-CoV-2
(YP_009724390.1) with a human tPA leader sequence. The
vaccination could induce humoral and cell-mediated response
in mice and rhesus macaques without immune-enhanced dis-
ease in vaccinated animals. The infection experiments indi-
cated that a single vaccination with ChAdOx1 nCoV-19
could reduced the viral loads in BAL fluid and lung tissue of
vaccinated animals and prevent the vaccinated rhesus maca-
ques from interstitial pneumonia. But the vaccination did not
block the infection of the virus, and further investigation may
be required to evaluate the efficacy of the vaccine. The phase III
study (ISRCTN899514) of ChAdOx1 nCoV-19 vaccine is
ongoing in Brazil to assess whether the vaccine can protect
healthy people aged 18 to 55 from COVID-19, meanwhile the
safety and immunogenicity of the vaccine will be analyzed
further.®!

Subunit vaccine

Subunit vaccines are recombinant expressed proteins or synthetic
peptides based vaccines.* The potential safety problem of whole
virus vaccines are avoided by using the pure antigen and the
immunogenicity of subunit vaccine makes it a promising

candidate vaccine. Wang et al.* reviewed the advances in subunit
vaccines against human coronaviruses with a special focus on
SARS-CoV and MERS-CoV in early 2020. S protein was the
main target for the development of the subunit vaccine against
SARS-CoV, MERS-CoV, and SARS-CoV-2 for its critical role in
the entry of the virus into host cells.*>*

At least 52 subunit vaccines against COVID-19 were under
development and 5 protein subunit vaccines have entered clin-
ical evaluation. Most of these vaccines used either the full length
or part of the S protein as the target. The recombinant protein
was expressed using different expression systems mainly in
eukaryotic cells and designed to be delivered with different
adjuvants and procedures. The SARS-CoV-2 1S was
a recombinant glycoprotein nanoparticle vaccine sponsored by
Novavax. A phase I clinical trial was registered to evaluate the
safety and immunogenicity of this nanoparticle vaccine with or
without matrix-M adjuvant (NCT04368988).* The study would
recruit 131 participants between 18 and 59 years old to receive
two IM injections. The phase 1 clinical trial of SCB 2019,
a recombinant SARS-CoV-2 Trimeric S Protein Subunit
Vaccine sponsored by Clover Biopharmaceuticals Inc./GSK/
Dynavax, was registered (NCT04405908).° An adjuvanted
recombinant protein vaccine against SARS-CoV2 based on the
RBD-Dimer by Anhui Zhifei Longcom Biopharmaceutical/
Institute of Microbiology, Chinese Academy of Sciences was
registered to conduct the phase 1 stage evaluation in 50 subjects
(NCT04445194).°° Covax-19 is a protein subunit vaccine made
of recombinant spike protein with Advax™ adjuvant sponsored
by Vaxine Pty Ltd/Medytox, and the phase 1 clinical trial was
registered to evaluate the safety and efficacy of it in adults
between 18 and 65 years old (NCT04453852).°” A protein sub-
unit vaccine candidate was designed by University of
Queensland/CSL/Seqirus using molecular clamp stabilized
Spike protein with MF59 adjuvant, and registered to conduct
a phase 1 clinical evaluation to assess its safety and immune
response (ACTRN12620000674932p).*®

Immunogenicity of recombinant SARS-CoV-2 S1-Fc fusion
protein expressed in mammalian CHO-K1 cells was reported to
be effective in mice, rabbits, and monkeys, which can be evaluated
for its potential as a candidate COVID-19 subunit vaccine.”” The
immunogenicity of recombinant SARS-CoV-2 S1-Fc fusion pro-
tein was evaluated by the antibody levels and neutralizing titers.
The purified recombinant S1-Fc fusion protein was formulated
with the adjuvant and then used to immunize animals, in which
the first immunization used CFA (Freund’s complete adjuvant)
and the boost immunization used AD11.10 (saponin-based
microemulsion). High levels of the anti-S1 antibodies and neu-
tralizing activities against live SARS-CoV-2 were measured.

Nucleic acid vaccine

Nucleic acid vaccines include DNA and RNA vaccines, which
are safe and easy to design based on the genetic sequence of the
virus.”*”! These vaccines can induce both humoral and cellular
immunity, and has shown protective effects in animal models.
There are currently no licensed vaccines using this platform.
At least 11 DNA vaccines against SARS-CoV-2 were in pre-
clinical stages and four have entered clinical evaluation. A DNA
plasmid vaccine (INO-4800) for COVID-19, delivered by



electroporation from Inovio Pharmaceuticals, was in a Phase
I clinical trial (NCT04336410).”> The phase I clinical trial of
INO-4800 vaccine started on April 3, 2020, with 40 participants
aged from 18 years to 50 years. The trial was designed to employ
intradermal administration with one or two injections per admin-
istration on Day 0 and Week 4 to evaluate the safety, tolerability,
and immunogenicity of INO-4800. The phase I/Ila trial
(NCT04447781) of INO-4800 was registered on June 25, 2020 to
evaluate the safety, tolerability, and immunological profile of this
DNA vaccine in 160 participants aged 19 to 64 years in Republic
of Korea.”> A Phase 1/2 clinical trial of COVID-19 DNA Vaccine
(AG0301-COVID19, NCT04463472) sponsored by Osaka
University/AnGes/Takara Bio was registered to assess the safety
and immunogenicity of the vaccine in 30 healthy volunteers aged
20-65 divided into the low and high dose groups.”* The DNA
plasmid vaccine by Cadila Healthcare Limited was registered for
the Phase 1/2 (CTRI/2020/07/026352) clinical trial to test the
performance of the vaccine by intradermal route in healthy sub-
jects between 18 and 55 years old.”> GX-19 was another DNA
vaccine candidate for COVID-19 registered for the phase 1/2a
clinical trial (NCT04445389) to evaluate its safety, tolerability, and
immunogenicity. GX-19 developed by Genexine Consortium
would be intramusculary administered with 40 subjects in phase
1 and 150 in phase 2a.”® One candidate DNA vaccine for SARS
was proven to be well tolerated and immunogenic in healthy
adults through a phase I clinical trial”” MERS DNA vaccine
GLS-5300 was evaluated by the phase I clinical study and the
results released in 2019 showed that GLS-5300 was safe and
immunogenic in healthy adult humans.”® Antibody and cellular
immune responses were induced by this vaccine without serious
adverse events. The safety showed in the clinical evaluation of the
DNA vaccine for SARS and MERS shows the potential for similar
vaccine candidates for COVID-19. The protective efficacy and
safety of DNA vaccines expressing full length or different parts
of SARS-CoV-2 S protection were tested in the rhesus
macaques.”” Reduced viral loads could be measured in the vacci-
nated monkeys compared to the controls, which indicated the
protective effects of the vaccines against the virus. Meanwhile,
antibody-dependent enhanced respiratory diseases were not
observed. Positive results in nonhuman primates using DNA
vaccines validate further evaluation for this vaccine.

mRNA vaccine containing the selected sequence of the viral
gene can translate directly in the host cell cytoplasm to produce
the target antigen.”” Five mRNA vaccines were in clinical eva-
luation stages and more than 17 in pre-clinical studies. The first
mRNA  vaccine for COVID-19 was mRNA-1273
(NCT04283461) and manufactured by Moderna, which initiated
the first injections on March 16, 2020.8° The mRNA vaccine
mRNA-1273 is a novel lipid nanoparticle (LNP)-encapsulated
mRNA-based vaccine that encodes for a full-length, prefusion
stabilized spike (S) protein of SARS-CoV-2, which will be admi-
nistered twice by intramuscular (IM) injection on days 1 and
29.%" The study aimed to enroll 105 participants from 18 years to
99 years. The Phase 2a clinical study of the candidate vaccine
mRNA-1273 (NCT04405076) started on May 29, 2020, which
was designed to evaluate the safety, reactogenicity, and immu-
nogenicity of the vaccine in two dose levels in 600 adults aged
over 18 years.*” A Phase 3 trial is underway for this vaccine.
The second mRNA vaccine in clinical evaluation for COVID-19
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was BNT162 (Phase 1/2, 2020-001038-36, NCT04368728) spon-
sored by BioNTech/Fosun Pharma/Pfizer.®>** A multi-site
Phase I/II, 2-Part, dose-escalation trial is being conducted with
an estimated 7600 subjects to investigate the safety and immu-
nogenicity of four RNA Vaccines (BNT162al, b1, b2, c2) against
SARS-CoV-2 virus in healthy adults aged from 18 to 85 years by
intramuscular use. The Phase 1 clinical trial ISRCTN17072692)
of a self-amplifying ribonucleic acid (saRNA) vaccine encoding
the S glycoprotein of SARS-CoV-2, sponsored by the Imperial
College London, was registered to assess its safety and
immunogenicity.” Two groups were designed where one
group was evaluated for dose escalation in adults aged
18-45 years old and the other group was evaluated for the safety
of the vaccine in subjects aged 18-75 years old. CVnCoV
Vaccine was also a SARS-CoV-2 mRNA Vaccine which was
developed by Curevac and a phase 1 clinical trial
(NCT04449276) was registered to assess the safety, reactogeni-
city, and immunogenicity of the vaccine in adults aged 18-60.*°
Another SARS-CoV-2 mRNA vaccine sponsored by the People’s
Liberation Army (PLA) Academy of Military Sciences/Walvax
Biotech was registered for a phase I clinical trial
(ChiCTR2000034112) to evaluate its safety, tolerance, and pre-
liminary immunogenicity in healthy participants aged
18-59 years and 60 years old and above.”” The rationale of
mRNA vaccine development for COVID-19 was reviewed*®
where four safety and efficacy advantages were summarized
and potential risks were also mentioned. As a new technology,
special attention must be given regarding safety issues for human
use, yet the vaccine is still worth developing. Positive results in
the Phase I clinical evaluation of mRNA-1273 yielded new
expectations for this vaccine. Recently, the interim report of
the ongoing phase 1/2 study of a COVID-19 RNA Vaccine
candidate (BNT162bl) was preprinted by medRxiv. After
being injected with the vaccine, dose-dependent local reactions
and systemic events were observed, which varied from mild to
moderate and could be relieved within a few days. Robust
immunogenicity and neutralization titers were measured at
Day 21 for all dose levels and Day 28 (7 days after Dose 2).
The preliminary results of this vaccine indicated a well-tolerated
and immunogenic dose level (10 pg and 30 pg) and the safety
and immunogenicity of the vaccine. Large-scale clinical trials
with more participants of different ages are being conducted to
further assess the vaccine BNT162b1.%

Conclusions and prospects

Many years have passed since the outbreak of SARS in 2002 and
MERS in 2012. However, no licensed vaccines or therapies are
available. SARS-CoV-2 is more infectious with high human-to-
human transmission ability and people of all ages are suscep-
tible where they may experience mild or severe pneumonia.
Studies and government actions to control the spread of the
disease had been accelerated. The entry receptor of the virus
into the host cell was determined, the structure of the S protein
and the RBD-AEC2 was revealed, and more than 163 candidate
vaccines have been designed. Several types of vaccine candi-
dates have entered clinical evaluation. Even though the world is
waiting for a successful COVID-19 vaccine, sufficient effort
must be made to establish the safety and effectiveness of the
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vaccine. Thus, adequate time is required to develop an effective
vaccine. However, currently published results of experimental
animal evaluations and phase I/II clinical trials show promising
prospects for a successful COVID-19 vaccine.
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